I. INTRODUCTION
T HE development of offshore wind has increased recently with a view towards creating a suite of clean and sustainable energy sources. Consequently there has been a significant drive in research and industry to improve the competitiveness of offshore wind compared to other energy sources. A major challenge with any offshore wind system is the deployment of power electronics in harsh offshore environments. Since one of the main aspects of competitiveness is the reliability of an energy source, there has been a change in the mindset of industry recently to minimize the complexity of offshore assets, with the aim of providing adequate reliability. The industry standard for connecting wind farms from far offshore is Voltage Source Converter (VSC) High Voltage Direct Current (HVDC). HVDC transmission requires an offshore VSC converter station to R. Meere is with the ESB Networks, Dublin, Ireland (e-mail: ronan. meere@esb.ie).
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Digital Object Identifier 10.1109/ TPWRD.2017.2780990 convert to DC for power transmission. This converter station is large and expensive to build and particularly to maintain.
As an alternative, Low Frequency AC (LFAC) transmission has been proposed [1] . AC cables operated at a lower frequency have a lower charging current compared to a cable operated at 50 Hz. This extends the distance which AC power can efficiently be transmitted from up to 100 km with compensation for HVAC cables at 50 Hz to 200-250 km with LFAC at 16.7 Hz [2] . A review of the research has shown that LFAC transmission is a competitive transmission option for offshore wind farms between 100 km and 200 km from shore [3] . LFAC uses AC transmission with proven AC components where expertise from onshore AC systems can be utilized in offshore transmission systems. The key advantage over HVDC transmission is the removal of the offshore converter station. Instead the frequency converter is located onshore to convert from LFAC at 16.7 Hz to the grid frequency.
For an LFAC system, a number of options exist for the choice of frequency converter. Using a cycloconverter to directly convert from low frequency to grid frequency is an option which has been widely discussed [4] , [5] . Direct AC-AC conversion with a cycloconverter is difficult to achieve from low frequency to a higher frequency, leading to high levels of low order harmonics which require large filters [6] . It has been suggested that the most appropriate frequency converter is a back to back (BtB) VSC based converter [1] , [7] , [8] due to the independent controllability of active and reactive power,the de-coupling effect of the DC-link and the ability to establish offshore grid voltage and frequency. Modular Multilevel Matrix converters (MMxC) have also been proposed [9] , which have the ability to perform direct AC-AC conversion with control over active and reactive power. However despite extensive research the MMxC has achieved a very low market penetration compared to BtB converters [10] . BtB converters, cycloconverters and MMxC have been reviewed and compared for LFAC transmission in [3] . Modular Multi-level Converter (MMC) designs for LFAC were considered in Tang et al. [8] . Although the MMC has lower losses and smaller inductive filtering requirement it was found that each capacitor module is required to be 3 times the size a similar MMC operating with a 50 Hz system, contributing to extra costs and footprint of the onshore station. It is proposed in this paper to use a 2 level converter to model the BtB converter, to avoid this extra cost and footprint onshore. In reality an extensive study on the trade-off between the cost of higher switching losses over time and the cost of the larger MMC converter is required, however such a study outside of the scope of this paper. The contribution of this paper is the design and application of the outer voltage controller in LFAC transmission, which is used in conjunction with MMC control [11] or 2-level converter control [12] . A MMC converter could be used on the grid side of the BtB converter if desired to connect to the 50 Hz system, allowing the BtB converter the advantages of MMC technology while reducing costs and complexity on the low frequency side.
The VSC on the low frequency side is required to establish and maintain the offshore low frequency voltage. AC cables have a resonant frequency associated with the capacitance and inductance of the cable. LFAC will involve the connection of long cables to the AC side of the VSC, unlike HVDC where the cable is connected to the DC side. Therefore resonance interactions between the cable and the LFAC filter may be a concern. Moreover, at low frequency the filter components will be larger than they would in a 50 Hz system.
The combination of the large filter inductance and the cable capacitance has the impact of moving the resonant frequency of the combined filter and cable system to lower frequencies. This effect has been seen before in previous publications on LFAC transmission, Canelhas et al. [13] found that for a 200 km transmission cable and BtB converter system the resonant frequency was close to 50 Hz. Large damping filters were used to maintain transmission system stability. These filters are both large and expensive and can have significant (losses 1-2%) and consume a large portion of reactive power (50-70% of power). With resonant frequencies below the 14th harmonic inductive elements may interact with the resonance to cause temporary over-voltages (TOV) if there is a disturbance on the system [14] , [15] . TOVs cause instability in the voltage which the low frequency side converter is attempting to control. A sustained TOV will cause offshore breakers to trip resulting in disconnection from the onshore system. For any long HVAC cable connected to the onshore system these issues are prevalent. In HVAC (50 Hz) transmission, the offshore wind farm is connected directly to the onshore grid, meaning disturbances are propagated to the onshore system. Conversely in LFAC transmission, the cable is connected to a BtB VSC which decouples the cable from the onshore grid. It is important to analyze the interactions between the cable, the filter and the VSC control and compensate for any issues present with filtering or proper VSC controller design.
The key contributions of this paper are as follows: The characterization of the impact of connecting a long LFAC cable to a VSC and filter system. The application of an adapted VSC voltage control scheme for the connection of long HVAC cables to maintain a stable offshore voltage in an LFAC transmission system. The characterization of the design trade offs between switching frequency, filter capacitance and controller parameters to minimize the amplitude and duration of TOV's, and hardware based verification of the LFAC transmission system design with a BtB converter onshore. The paper is laid out as follows. Section II describes the issue of HVAC cable resonance. The LFAC system design is outlined in Section III. Section IV describes the common voltage control scheme for a VSC. Section V examines the addition of a HVAC cable to the voltage control loop, examining the frequency responses of the system to design an adapted voltage controller compensator. In Section VI simulations are conducted to analyze different controller parameters in terms of system stability and response to TOV's. This approach is then validated in Section VII on a scaled hardware model of the LFAC transmission system, with the control operating in real time through a hardware in the loop real time simulation.
II. HVAC CABLE RESONANCE
The introduction of a long transmission cable adds a large capacitance, which depending on cable length can create low frequency resonance issues. The longer the cable, the lower the frequency of the over-voltage associated with the cable system, due to its large charging capacity. Low frequency resonances are often poorly damped [16] and can cause over-voltages to exceed insulation strength of many devices, causing failures and interruption of supply [17] . It is important to note that since there are no loads offshore, resonances are less damped than in onshore grids. Traditional designs of control for converters consider the grid they are connected to as a lumped inductance and neglect the impact of the connected HVAC cable, however this large capacitance cannot be neglected. Zhang et al. [18] consider the impact of long HVAC cables on the control of the Wind Turbine Generator (WTG) converter, proposing a new grid modelling method and control architecture to deal with high frequency resonances. In the LFAC case the WTG are connected via a HVAC cable to a large VSC, therefore no synchronous grid is present. The VSC is responsible for establishing and maintaining stability of the offshore grid. VSC's can become unstable dues to series resonances which are caused by HVAC cables. In [19] the authors have examined the impact of the VSC controller parameters on system stability, given the connection of different lengths of HVAC cable. They only considered the impact of adding cables up to 100 km in length. LFAC cables have the capability to reach up to 250 km, further increasing the problem with low frequency resonance. This low frequency resonance is a problem for LFAC voltage control stability and ability to control TOV's [7] .
III. LFAC OFFSHORE SYSTEM DESIGN
This section describes the layout of an offshore wind farm connected via LFAC transmission displayed in Fig. 1 . It comprises an offshore wind farm where the converters of the wind turbines are configured to output 16.7 Hz AC voltage [20] , these wind turbines are connected to a low frequency collector network. For the wind turbines to produce lower frequency a low frequency transformer is required in the nacelle of the wind turbine. One disadvantage of LFAC is that the transformers and inductors will be larger than the 50 Hz equivalent, however with appropriate transformer design it is possible to limit this increase in size to 77% compared to 50 Hz [21] . On the offshore platform a LFAC transformer increases the voltage from the collection network voltage to the LFAC transmission voltage. The wind farm is connected to shore via a HVAC transmission cable, which is operated at 16.7 Hz. An LC filter is employed at the connection point onshore to ensure a stable offshore grid voltage. A BtB converter is utilized to change the frequency from low frequency to the onshore grid frequency. The critical advantage of LFAC over HVDC is the removal of the offshore converter station, and placing a BtB converter onshore. This has significant advantages in terms of installation costs and particularly operation and maintenance costs of the converter stations [7] .
A. High Level Control Functions
The offshore wind turbine converters synchronize via a phased locked loop (PLL) to the offshore grid which has been initialized by the BtB converter onshore. Control of the onshore BtB converter is pivotal to the control of the transmission system. Fig. 1 displays the high level control functionality required for each converter and for the converter system at the wind turbine. The BtB converter comprises two VSCs; a controlled frequency VSC connected to the LFAC cable required to establish and maintain the low frequency AC voltage magnitude and frequency with a grid forming control scheme, and a controlled DC power port VSC connected to the onshore 50 Hz power system which maintains a constant DC voltage. The control of the DC power port VSC consists of an inner current controller and DC bus voltage controller. These are designed following the techniques outlined in [12] . The DC bus voltage controller maintains the DC voltage at a constant value and provides reference signals to the inner current control scheme, which determines the reference voltage signal for the Pulse Width Modulation (PWM) switching which controls the IGBT VSC switches.
B. Grid Forming Control for LFAC Grid
The grid forming control is required to establish and maintain the offshore grid voltage frequency and magnitude. The controller must be able to operate in steady state conditions and in response to disturbance events. For example, sudden increases or decreases in power generation from the wind farm or sudden voltage changes. These disturbance events can excite the resonant frequency of the combined filter and cable system, causing the voltage to become unstable and trip protection. The objective of the voltage controller is to maintain stability and avoid tripping protection systems. Fig. 2 shows the control architecture of the grid forming controller. The control is adapted from a control strategy for islanded operation of a distributed resource unit in [22] . The objective of the control is to regulate the amplitude and frequency of the offshore voltage (V sdq ) in response to changes in the offshore current (I odq ). The voltage control block provides the reference currents for the dq current control scheme. Since there is no voltage for a PLL to lock onto, a virtual PLL provides a reference angle for the voltage controller and inner current controller to control the switching of the VSC at the desired frequency.
C. LC Filter
Since the purpose of this work is to reduce the requirement for large AC filters to maintain stability, a simple LC filter is chosen for the offshore side of the BtB converter. The capacitance C f is required in the LFAC grid to maintain a stable voltage and to filter switching current harmonics. The inductor L f is required to eliminate the current ripple created by the VSC. The size of the inductor is commonly chosen to be between 0.1 pu and 0.15 pu [12] . Capacitor size is determined by:
The typical requirements of an LC filter are to have corner frequency (f r ) designed at between 10% and 20% of the switching frequency, minimize reactive power under rated conditions and minimize filter inductance voltage drop at rated current [18] . Increasing the converter switching frequency will increase the design corner frequency of the LC filter, reducing the size of the filter components. To reduce cost and economic footprint it is prudent design to reduce the size of these filters where possible because a main disadvantage of LFAC transmission is that the inductive filter components are three times larger than at 50 Hz [1] .
IV. VSC VOLTAGE CONTROLLER DESIGN
The voltage control block in Fig. 3 inputs a reference dq voltage, which is compared to the measured dq voltage at the capacitor of the LC filter. An output reference current is added to a feed forward measurement to provide the reference i dq for the dq current control scheme. i . The design procedure for k(s), the compensator transfer function, is based on the method in [22] . The compensator is designed to ensure a fast stable response and zero-steady state error and to have adequate bandwidth and stability to avoid disturbance inputs causing voltage instability.
Let the compensator k(s) be given by:
where k and z are the compensator gain and zero. Then, the loop gain is described in (3), indicating a double pole at s = 0. This causes ∠l(jω) = −180
• at low frequencies.
Assuming z < −t
the open loop phase reaches its maximum (δ m ) at the frequency ω = ω m . To obtain the maximum phase margin available the gain crossover frequency (ω c ) should be selected as ω m . δ m then becomes the phase margin which is selected as a design choice. z is then calculated by:
The gain crossover frequency which determines the bandwidth of the controller is calculated by:
The compensator gain k is obtained from the solution of letting the magnitude of l(jω c ) equal to one, that is:
V. VOLTAGE CONTROLLER DESIGN INCLUDING HVAC CABLE
The HVAC cable affects the voltage at the filter capacitor, which has an impact on the control and stability of the system. If the controller is not designed to compensate for the effect of the long AC cable, then the voltage may not be stable and controlled.
In order to determine the resonant points of the LFAC transmission system a frequency sweep from 1 to 2000 Hz is performed on the VSC connected to the LC filter and HVAC cable [15] . Table I shows the cable parameters used with a filter inductance and capacitance of 85.8 mH and 4.03 μF. Fig. 5 displays the frequency sweep for 150 and 300 km HVAC cables. Distributed parameter or multiple pi cable models are the most accurate representation for long cables, particularly at high frequencies. To obtain the lower frequency resonant points of the system, the cables are modelled using 5 pi-sections. The low frequency peaks represent the LC resonance of the filter which has been moved to a lower frequency by the presence of the cable. The LC resonance is designed to be 270 Hz, however the addition of the cable capacitance reduces this resonance to 88 Hz and 62 Hz for 150 and 300 km cable lengths.
These low frequency resonances have the potential to provide significant difficulties in terms of maintaining stability and sustaining harmonic levels below an allowable threshold if the controller is not appropriately designed. From a voltage control compensator design point of view, analysis of the open loop system is performed using a lumped pi model. Using a single pi section to model the cable will accurately represent the first filter LC resonance and the first cable resonance. These are the resonant points of interest for voltage control stability. Fig. 6 shows the layout of the pi cable model connected to the LC filter and VSC. The voltage at the filter capacitor is dependent on the current drawn by the parallel combination of the filter capacitor and the cable equivalent capacitance. Since the cable has an impact on the voltage measured it impacts the structure of the control block diagram, illustrated in Fig. 7 .
It follows that (7) describes the open loop gain of the controlled frequency VSC system including the cable in the small signal model.
The introduction of the HVAC cable adds a double pole and double zero to the open loop system resulting in the dip and peak in the loop response. The cable capacitance in the open loop system will reduce the magnitude of the frequency response, reducing the voltage controller crossover frequency to below ω m , therefore reducing the phase margin to some value below the selected δ m .
In order to illustrate the issues with controlling the LFAC voltage while connecting a HVAC cable, the compensator is first designed using the voltage control compensator in (6) . In this analysis the cable parameters in Table I are used, with filter inductance and capacitance of 85.8 mH and 4.03 μF respectively and the control parameters t i and δ m set to 1 ms and 53
• . Fig. 8 shows the open and closed loop frequency response of Fig. 7 with the addition of different cable lengths from 50 km to 300 km. This response incorporates one pi-section cable model. In the open and closed loop system the magnitude is continually decreasing as frequency increases, therefore the impact of extra pi-sections on the frequency response will be at negative magnitudes. The open loop frequency response for the case with no cable verifies a 53
• phase margin at ω c = 334 rad s −1 indicating that under these conditions the voltage controller will provide a stable response, verified in the closed loop plot. However, increased cable length reduces the crossover frequency below the desired value. It follows that at longer cable lengths, with reduced crossover frequencies and a reduced phase margin the closed loop response provides positive gains causing oscillations in the response of the controlled frequency VSC with a cable connected.
To maintain the stability of the controlled frequency VSC system the controller gain k must compensate for the reduced magnitude of the frequency response with increased cable length. Reviewing Fig. 8 , the range of the crossover frequencies is not impacted by the cable resonance which is due to the inductance and occurs at much higher frequencies. The cable capacitance has the effect of reducing the magnitude of the open loop plot. It is clear that to maintain the stability of the controlled frequency VSC system the controller gain k must compensate for the reduced magnitude of the frequency response with increased cable length. The cable capacitance drives the decrease in magnitude, and therefore the decrease in crossover frequency, in order to evaluate the compensator gain an open loop system without the cable inductance effect can be examined. This produces a loop gain defined by (8) . Since the cable inductance is neglected in this instance the loop gain becomes similar to (3) with the total cable capacitance and the filter capacitance added in parallel.
Where C is the total cable capacitance. The gain crossover frequency (ω c ) is set by (5) then the new compensator gain k is obtained from the solution of (8), setting l(jω c ) = 0 (9) yields the new compensator gain.
Equation (9) is used to calculate the compensator gain value incorporating cable length. The open and closed loop response for any cable length is shown in Fig. 9 . As required the phase margin is 53
• and the crossover frequency is about 334 rad s −1 . This indicates that for any cable length, the voltage controller with a compensator designed as in (9) will provide a closed loop response without significant positive gains. This modification to the controller design strategy will maintain the crossover frequency at the desired value for any length of LFAC cable, with the result that the controller will have the ability to reject disturbance inputs below the controller bandwidth. Although the plant (i.e., the cable plus filter system) does have an inherent disturbance associated with the cable resonance, the closed loop plot of Fig. 9 shows that the closed loop system is stable with the new compensator design for all cable lengths from 50 km to 300 km. This analysis has been performed at a fixed power level with varying transmission distance. It is worth noting that increasing the power level for this analysis will lead to different LC filter and cable parameters, however the procedure to control the bandwidth will remain the same. To further improve the stability of the voltage control the bandwidth can be increased by varying design parameters.
From Eqns. (7) and (9) it can be seen that the bandwidth of the controller is dependent on the phase margin and on the time constant of the dq current control scheme (t i ) which dictates the placement of the real pole −1/t i . The time constant (t i ) for standard VSC control is typically selected to be between 0.5 and 5 ms. However, the bandwidth of the inner current controller (1/t i ) must be considerably smaller than the switching frequency of the VSC [12] . The selection of the switching frequency is an interesting decision for an LFAC transmission system. Intuitively since the fundamental frequency is 3 times lower, the 
switching frequency of the VSC on the low frequency side may be lower than the standard for HVDC transmission, preserving the ratio between fundamental and switching frequency. This would reduce switching losses, however reducing the switching frequency decreases the maximum allowable (1/t i ), thereby reducing controller bandwidth. This constitutes a design trade off which can be summarized by Table II . Increasing the phase margin improves the damping of the system to changes in voltage. The phase margins of 45
• and 53
• are of particular interest because at 45
• two poles form a complex conjugate pair, with a damping ratio of 0.707, and 53
• which makes the two complex conjugate pairs coincide with the pole at ω c and a damping ratio of 0.994. The 2 cable poles remain in the same position. Using a higher phase margin the damping ratio is increased to 1, however the associated reduction in bandwidth renders this increase impractical. In the context of TOV's a higher bandwidth will increase the speed of the controller in response to disturbances, thereby reducing the magnitude and duration of the TOV's.
VI. SIMULATION WITH TEST SYSTEM
The test system used in this paper models a 200 MW offshore wind farm connected via a 150 km, 220 kV LFAC cable. The BtB converter is connected at 100 kV and a low frequency transformer steps up to the cable voltage. Table III shows the parameters used in modelling the LFAC transmission system. Four different sets of compensator parameters are tested, ensuring fast dq control with t i of between 0.5 ms and 1 ms, and appropriate damping with δ m of 45
• . The switching frequency bandwidth is selected to be approximately 8 times the bandwidth of the dq controller, and a multiple of the fundamental frequency. Table IV displays the details of the 4 controllers examined. Fig. 10 displays the locations of the closed loop poles and zeros on the voltage controlled VSC and cable system for each controller, further into the left half plane indicating increased stability. Fig. 10 does not include the cable poles which exist outside the limits of the y axis. Simulations are performed to examine each controller in the LFAC transmission test system. The gain of the voltage controller is calculated by (9) where the cable capacitance (C) is transformed to the low voltage side of the LFAC transformer (where n is the turns ratio). The full switching simulations have been performed in Matlab Simscape Powersystems [23] modeling the LFAC offshore transmission system as depicted in Fig. 1 . The cable is modelled in simulation using 5 pi-sections as in Fig. 5 . Two tests are carried out to determine the appropriateness of the selected controllers. 1) After 0.5 seconds a voltage step is applied from 1 pu to 1.5 pu. The systems ability to respond to step changes in voltage depends both on the bandwidth and the phase margin of the compensator. Fig. 11 shows the response of each controller to this voltage step. As expected from Fig. 10 the controller with the largest bandwidth responds the fastest. Increased phase margin reduces the overshoot which can be seen in the difference between controller A and B. 2) After 1.5 seconds a power step from 0 to 0.5 pu is applied as a disturbance to the system. The objective of the controllers is to maintain the voltage at the desired value (1 pu) in response to the change in power. Comparing the responses in Fig. 11 stress and failure of protection equipment if not controlled back to the reference value in time. TOV limits have been defined by the Irish transmission system operator on HVAC cables at 1.6 pu for the duration of one electrical cycle [24] . These results show each controller to be within this limit. For Controller A the TOV reaches almost 1.2 pu, returning after 20 ms to the desired value. Fig. 13 shows the LFAC voltage, power and the dq components of voltage and current using controller A which is the most stable of the studied controllers.
VII. HARDWARE EXPERIMENTATION
To verify the design of the LFAC transmission system and the voltage controller design, the LFAC transmission system is built in hardware using the parameters in Table V . In hardware, the offshore wind farm is modelled as a DC source connected to the grid side converter of a wind turbine as shown in Fig. 17 , with the control schemes operated in real time. This converter locks onto the 16.7 Hz grid produced by the BtB converter.
The BtB converter is comprised of two 2 kVA VSC's, with a 680 μF capacitor on the DC link. The cable is scaled using (10) where k scale is based on the ratio of the base impedance the hardware system and the real system [25] .
The experiment was performed with a 150 km scaled cable modeled with the total inductance and capacitance divided across 5 pi sections. Fig. 14 displays a picture of the hardware setup, including a single phase of the cable model. Fig. 15 shows the response of the voltage controllers B, C and D to a 0.7 pu step in active power from 0.3 pu to 1 pu. It can be seen that Controller B provides the fastest and smoothest response as expected due to the increased ω c , with controllers C and D responding as in simulation with a TOV of higher amplitude and longer duration (20-40 ms) . The TOV's observed in hardware have lower amplitude than in the high power simulation. This is due to extra resistive damping in the hardware setup from the filter and cable implementations. The duration of the TOV's are similar to those in the simulation test, validating the controller design in hardware. Fig. 16 displays the voltage, current, and power exported from the wind farm using Controller B, validating the overall LFAC system design and control in hardware. Comparing the hardware results to the simulation in Fig. 13 the same responses can be seen in the LFAC grid, validating the simulations. The DC link voltage responds much slower and has a smaller amplitude response than in simulation due to a much larger capacitor being placed in on the DC link in hardware.
VIII. CONCLUSION
This paper has presented the design and control of an LFAC transmission system with a focus on accounting for the impact of connecting a long HVAC cable operated at 16.7 Hz to a VSC. The addition of a long HVAC cable causes voltage control instability if the controller is not appropriately designed. The paper begins by presenting a VSC AC voltage control scheme which is adapted to compensate for the addition of a long HVAC cable. It can be seen that the adapted control strategy provides stable control of the LFAC system and different parameters are examined to reduce the magnitude of TOVs. The adapted PI control considers the impedance of the cable in the calculation of voltage controller gain to mitigate low frequency resonances caused by connection of a long HVAC cable. If resonances from the cable are still an issue, control of the LFAC voltage may be improved by use of a Proportional Resonant (PR) controller where the gain of the controller is depressed at the resonant frequency of the cable. Using this technique it is important to have good knowledge of the resonant frequencies. Recently techniques have been developed which could determine these through impedance measurements [26] . Although this work deals primarily with the stability of the LFAC voltage controller in the presence of the long transmission cable, it is also known from HVDC systems that harmonic interactions and sub-synchronous control interactions may occur between the voltage controlled VSC and/or the cable impedance and wind turbine output impedances [27] . To identify and avoid such issues, impedance analysis could be used to assess the stability of the system across the frequency range of interest, considering harmonic interactions and control interactions. Once frequency ranges of interest are determined the controller gains can be adapted to mitigate any issues. The proposed controller design is tested in simulation on an LFAC test system with various parameters accounting for design trade offs between controller time constants, phase margin and switching frequency. The design of the LFAC transmission system and the controller design have been validated in a hardware test setup. In this case the application is Low Frequency transmission, however, this paper provides an approach to design voltage controllers for any long HVAC cable connected to a controlled frequency VSC.
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